Magnetic aftereffect measurements on a synthetic antiferromagnet with strong perpendicular anisotropy are presented. Two types of magnetic transitions are observed in the CoFeB/Ta/CoFeB bilayer where the two ferromagnetic CoFeB layers are antiferromagnetically coupled: the transition from a parallel to an antiparallel CoFeB layers magnetization alignment and the transition between two possible antiparallel magnetization states. Magnetic relaxation measurements show a complete reversal in the case of the transition between the two antiferromagnetic configurations. The experimental data can be well fitted in the frame of extended exponential relaxation using the Fatuzzo-Labrune model. Consequently, the domain nucleation and domain-wall propagation can be studied as a function of temperature and applied field.
I. INTRODUCTION
Synthetic antiferromagnets (SAFs) with perpendicular anisotropy (p-SAF) have been designed to be used for applications in magnetic memory and data storage elements engineering. Domain-wall dynamics in systems with perpendicular magnetic anisotropy (PMA) attracts much attention for fundamental studies and potential applications [1, 2] . Indeed, domain-wall motion in thin magnetic films provides interesting opportunities for the design of high-performance spintronics devices [1] such as racetrack memories [2] , domain-wall logic circuits [3] , and domain-wall nano-oscillators [4] . One of the physical constraints for fast dynamics is the presence of the Walker breakdown. The Walker limit corresponds to the magnetic field threshold value leading to the decrease of domain-wall velocity under increasing magnetic field [5] . Quite recently, it has been shown through numerical and analytical modeling that the Walker breakdown limit could be extended or completely eliminated in antiferromagnetically coupled magnetic nanowires such as SAF. SAF nanowires would allow high domain-wall velocity driven by field and/or current as compared to conventional nanowires.
In this context, we focused on the analyses of magnetization dynamics in a model CoFeB/Ta/CoFeB bilayer. It consists of two ultrathin antiferromagnetically exchange-coupled ferromagnetic CoFeB layers with strong perpendicular anisotropy. The multilayer stack was grown directly on a GaAs substrate. Quasistatic magnetization versus field hysteresis loops were measured for different temperatures ranging from 5 to 300 K. It allowed a field-temperature (H -T ) magnetization switching diagram to be constructed [6] . Now we would like to focus on the magnetization dynamics during the transition from one magnetic state to the other. Domain-wall dynamics in p-SAF systems is very unusual [1, 2] and becomes more complicated for multilayered samples.
Another feature of thin spin valves is very unusual exponential relaxation [7] indicating single-potential barrier relief for * Corresponding author: morgunov2005@yandex.ru domain walls. Observation of reversal magnetization dynamics in single ferromagnetic layers and its comparison with that in the double-ferromagnetic-layer system allows one to judge the contribution of the interlayer interaction to domain-wall dynamics.
Many papers are focused on time-dependent switching of the multilayered heterostructure in the nanosecond scale [1] [2] [3] [4] . The damping parameter governs effectiveness of switching of Giant Magnetoresistance devices and their convenience for high-frequency readout in the microwave frequency range. The results mentioned above relate to nanosized spin valves designed for memory cells. Reversal magnetization of these small devices obeys the macrospin approach. Meanwhile, magnetic nanoparticles sensor technology requires larger areas of devices for better resolution and sensitivity to magnetic field. The magnetic aftereffect in these structures has a larger time scale and magnetization reversal cannot be considered in terms of the macrospin model only.
In the present paper, we will pay attention to another problem, which dramatically affects the quality of the large (∼1-10 mm 2 ) area of CoFeB multilayered structures. Thin ferromagnetic layers as well as CoFeB multilayered structures manifest slow magnetic relaxation due to domain-wall dynamics [8] . In [8] , magneto-optic Kerr effect (MOKE) microscopy of those samples studied in this paper was reported. This process is very complicated due to the thermally activated character of the domain-wall unpinning, peculiar interaction between ferromagnetic layers, and inhomogeneous distribution of magnetization through the layer [ Fig. 1(a) ].
In this paper, we present a detailed study of the timeresolved (for time ranging from seconds) response of magnetization in the CoFeB/Ta/CoFeB bilayer and the CoFeB single-layer samples as a function of temperature and applied magnetic field. Similarities and differences between singlelayer magnetization reversal and double-layer simultaneous reversal (direct transition between the antiparallel magnetic states: AP + and AP −) in the CoFeB/Ta/CoFeB bilayer will be discussed. The goals of the paper are as follows:
(1) to reveal the effect of interlayer exchange coupling on domain-wall pinning field threshold and thermoactivation analysis of the AP + → AP -transition in the CoFeB/Ta/CoFeB bilayer and CoFeB single layer, and (2) to distinguish the contributions of domain nucleation and domain-wall propagation to magnetization dynamics in the different transitions in the CoFeB/Ta/CoFeB bilayer and CoFeB single layer.
II. EXPERIMENT
The multilayered systems that consist of MgO(2.5 nm)/ CoFeB(1.1 nm)/Ta(0.75 nm)/CoFeB(0.8 nm)/MgO(2.5 nm)/ Ta(5 nm) (bilayer) and MgO(2.5 nm)/CoFeB(0.8 nm)/ MgO(2.5 nm)/Ta(5 nm) (single layer) were deposited on the undoped GaAs (001) substrate by magnetron sputtering. Details of growth conditions can be found elsewhere [9, 10] . Stoichiometric composition of CoFeB target was Co 40 Fe 40 B 20 . The hybridization of the 3d orbitals of transition metals (Co, Fe) with the O 2p orbitals of MgO provides perpendicular magnetic anisotropy (PMA) at the CoFeB/MgO interface [11] . To enhance PMA, rapid temperature annealing was performed at 250
• C for 3 min to crystallize the CoFeB layer. During this process, diffusing boron was absorbed by the 0.75-nm Ta interlayer, which facilitated antiferromagnetic coupling between the two separated CoFeB layers [11, 12] . The plate-shaped sample 0.3 × 2 × 2 mm 3 in size was studied. Magnetic hysteresis loops and time dependences of sample magnetization were obtained by a MPMS 5XL Quantum Design magnetometer (SQUID). Magnetic field was directed perpendicular to the sample plane in all experiments.
III. RESULTS AND DISCUSSION

A. Magnetic hysteresis and microstructure of the bilayer
We have performed high-resolved scanning transmission electron microscopy (HRSTEM) analysis [ Fig. 1(a) ]. The large-scale image [inset of Fig. 1(a) ] reveals a continuous and homogeneous layer structure. In the small-scale image, we can identify the detailed structure of the bilayer and the thickness of each layer from the image contrast. The CoFeB/Ta interface is quite diffused, which suggests an intermixing or diffusion of Ta in the CoFeB layer after annealing. The thickness of the Ta layer was estimated to be 0.88 ± 0.2 nm, which is in agreement with the nominal thickness of 0.75 nm. In addition, the red arrow points out the beginning of the crystallization of the CoFeB phase starting from the lower CoFeB/MgO interface.
In addition, energy dispersive x-ray (EDX) analysis was performed to check the chemical distribution of the sample, which is shown in Fig. 1(b) . The inset of Fig. 1(b) indicates the position of each analyzed point on the section profile. Spatial resolution is better than 0.2 nm. As shown in Fig. 1(b) , the broad peak of Ta accompanied by small dips of Co and Fe proves that a strong interdiffusion between Ta and Co (Fe) happens after annealing at 250°C. Figure 2 (a) shows the magnetic hysteresis loop of the CoFeB/Ta/CoFeB bilayer at T = 300 K for magnetic field applied perpendicular to the film plane. Four states, P +, AP +, AP -, and P -, correspond to either parallel alignment of the thick (1.1 nm) and thin (0.8 nm) CoFeB layers magnetizations for P + and P -or an antiparallel alignment of the two magnetizations, AP + and AP -. The inner loop with H C1 = 40 Oe coercivity is formed due to the AP + ↔ APtransitions. The outer loops with H C2 ∼ 5 Oe coercivity are formed by P + ↔ AP + and AP -↔ P -transitions. The centers of these loops are shifted to ±H B = ±200 Oe due to negative exchange coupling between the two layers as discussed in our previous work [6] .
In this paper, we will discuss dynamics of AP + ↔ APtransitions for different magnetic fields and temperatures. The width of the hysteresis loop depends on the relation between the magnetic field sweeping rate and the magnetization dynamic. In the 240-300 K temperature range, P + ↔ AP + and AP -↔ P -transitions corresponding to the reversal of one of the two ferromagnetic layers were not accompanied by hysteresis (or a very narrow hysteresis loop), while AP + ↔ AP -transitions corresponding to simultaneous switching of the two layers show larger hysteresis. The temperature dependences of coercive and bias fields of the subloops are discussed in our previous work [6] . The following dynamic measurements tend to distinguish the characteristic of the two reversals.
The magnetic hysteresis loop of the single CoFeB layer is presented in Fig. 2(b) . Despite the fact the magnetization is saturated at H > 30 Oe, the magnetocrystalline anisotropy is too weak to induce perpendicular magnetization at zero field. The magnetization is linear with field around zero field and the coercivity at 300 K is zero.
B. Competition between domain nucleation and domain-wall propagation contributions in magnetization transitions
Time dependences of reversal magnetization accompanying AP + ↔ AP -transitions in the bilayer were recorded in accordance with the procedure schematically depicted in the upper panel of Fig. 3(a) .
At the first stage, the sample was magnetized in field H = 1 kOe exceeding saturation magnetic field H S . The magnetic field was perpendicular to the film (i.e., along the easy magnetization axis). The duration of the magnetization stage was 300 s. Thus the initial magnetic state of the bilayer was unified in all experiments. At the second stage, the magnetic field H S was turned to the H * value below H S . The duration of the magnetic field switching ("dead time") was 60 s. Immediately after stabilization of the H * value, the record of the time dependence of magnetic moment M was started (t = 0). The response of the sample magnetization to stepwise changes in magnetic field is shown in the bottom panel of Fig. 3(a) . The magnetic field switching to the H * values corresponding to out-of-loop parts of the M(H ) dependence does not initiate magnetic relaxation. The record time for the M(t) dependence was 3600 s. More than ten cycles of the above-described sequence were carried out at different magnetic fields lying in the H * = -1 to +1 kOe range. The above-described sequences were repeated in the 240-350 K temperature range. The values of relaxation depths and times obtained by this method can also be found from the first order reversal curve (FORC) diagrams [13] [14] [15] . However, in the FORC technique time dependence of magnetization is recorded while sweeping the magnetic field. In our case recording of M(t) dependence was performed in a stationary magnetic field. Additional information on the use of this technique can be found in [16] .
In Fig. 3(b) , time dependences of the magnetization of the bilayer are shown in magnetic fields H * close to the H C1 and ±H B ± H C2 values: from +210 to + 200 Oe for the P + → 
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AP + transition, from -13 to -22 Oe for the AP + → APtransition, and from -200 to -210 Oe for the AP -→ Ptransition. No time dependences were found in magnetic fields H * close to P + → AP + and AP -→ P -transitions. Most probably magnetic relaxation was finished within the period of magnetic field stabilization (∼1 min). In contrast to the bilayer, the single layer demonstrates no relaxation behavior in the entire H * = -1 to +1 kOe range. Several time dependences of magnetization for the single layer in reversal magnetic field H * are given in Fig. 3(c) . These time dependences for the single layer start from the different value of magnetization dependent on the reversal magnetic field. Since magnetization does not change with time, one can assume that magnetic relaxation was finished before the measurements were started. Later we will discuss magnetic relaxation of the bilayer sample only.
Complete magnetization reversal from the AP + to the AP -state is demonstrated for a bilayer in the -13 to -22 Oe magnetic field range: all time dependences were started from the same M AP + value and finished close to the M AP -value.
These dependences are different from each other in velocity of the AP + → AP -transitions, which increases as absolute H * value increases.
Five different models to describe the magnetic relaxation are proposed in the literature.
(1) Exponential law (Debye relaxation): M(t) = M 0 exp(-t/τ ) is valid for single particles or films with single-barrier, narrow distribution of energy barriers for the domain nucleation and propagation (see [17] for both).
(2) Logarithmic law: M(t) = M 0 -S(H,T )ln(t/t 0 ) for magnetic films with in-plane anisotropy [17] and M(t) = M 0 -S(H,T )ln(1 + t/t 0 ) for the films with perpendicular anisotropy [18, 19] . The time dependence of magnetization can be described by the logarithmic law, when the energy distribution of the barrier heights is large. The wider the energy distribution the better the quality of the approximation by the logarithmic law [20] .
(3) Power law relaxation M(t) = M 0 t −ζ , ζ < 1. This type of relaxation has been observed in spin glasses such as the γ -FeNiCr alloys [21] and in single-domain ferromagnetic nanoparticles [22] . This behavior can be understood in the context of the flipping of spin clusters [23] .
β ],β < 1 (Kohlrausch-Williams-Watts stretched exponential decay). This type of relaxation was observed in the films with log-normal distribution of the energy barrier heights [24] , as well as in a variety of clusters, amorphous materials, strongly disordered films, and spin glasses [25] [26] [27] [28] [29] [30] [31] [32] . This relaxation is slower than the conventional exponential decay (β = 1), since the system goes through metastable states during the process towards the ultimate thermal equilibrium [20, 33] .
. This model can be applied for the relaxation in spin glasses and in thin films and multilayers as well. As for the films, the following description of the model can be found [34] . Demagnetization of the film results in first some reversed spins or grains appearing in the film. The short-ranged exchange coupling makes the adjacent spins or grains more likely to reverse than the others. The latter results in the formation of magnetic domains and their growth over time from the reversed spins or grains, which are considered as nuclei [20] . That is why the compressed exponent model can be applied to the magnetization relaxation in thin films, when the magnetization reversal is governed by domain nucleation and is accelerated by domain propagation. The value of the exponent β depends on the dimensionality of the domain motion as well as on the homogeneity of the film. The β = 1 corresponds to negligible domain propagation contribution; β = 3 corresponds to threedimensional domain propagation in films of high homogeneity in the case when the domain propagation contribution to the magnetization reversal is dominant.
Approximations of the time dependences by first three models, mentioned above, are presented in Fig. S1 of the Supplemental Material [35] . Magnetic field and temperature dependences of the relaxation time from the exponential relaxation model may be treated in terms of classical thermoactivation analysis. The straightening of magnetic field dependences of the relaxation time in T ln( 0 / ) versus H coordinates ( = 1/τ , τ is the relaxation time, and 0 is the frequency factor) is presented in Fig. S2 of the Supplemental Material [35] . However, this model gives an unreasonably high value of the frequency factor 0 ∼ 10 25 Hz. That means the single-barrier relaxation model is not applicable in our case because of wide distribution of the domain-wall depinning barrier heights in the bilayer sample.
The last model can be rewritten in terms of the competition between domain nucleation and domain-wall (DW) motion [34, [36] [37] [38] :
where R is the probability of nucleation per time unit, and k = v/Rr 0 is the relation between DW velocity v and the product of nucleation frequency R, and the initial radius of nuclei r 0 is a dimensionless parameter, which characterizes a competition between DW propagation and nucleation of domains. This type of the compressed exponent model is referred to as the Fatuzzo-Labrune model. Thus a set of magnetic relaxation curves at different magnetic fields H and temperatures T can be recalculated in the dependences of nucleation probability and domain-wall velocity on magnetic field and temperature. According to [39] , the exponential growth of v with the magnetic field corresponds to thermoactivated DW motion, while linear dependence v(H ) corresponds to viscous DW motion. The saturation of v(H ) dependence corresponds to the Walker limit, wherein DW velocity is magnetic field independent or decreases as field increases.
First we will discuss the dynamics of the AP + → APflop transition accompanied by remagnetization of both ferromagnetic layers. Examples of approximation of time dependences M(t) at 240 and 300 K by Eq. Oe applied magnetic field with a 1-Oe step, are presented in Fig. S3 of the Supplemental Material [35] .
One can see that a temperature decrease changes time dependence from an exponential one M(t) = exp(-αt) (at 280-300 K) [ Fig. 4(a If DW propagation is a dominant process, Eq. (1) can be rewritten as
(the simplified Fatuzzo-Labrune model). Figs. 4(a) and 4(b) , curve 2. At low temperatures (240-270 K) this approximation coincides well with the experimental data, and at high temperatures (280-300 K), no satisfactory approximation can be reached. Thus the contribution of DW propagation to reversal magnetization increases at low temperatures.
Approximations of M(t) by Eq. (2) are presented in
In the frame of the Fatuzzo-Labrune model, we will determine the proportion of reversal nucleation and DW propagation to reversal magnetization of the bilayer. The k parameter corresponds to this proportion. If nucleation is dominant, the k value is close to zero, while its value increases up to ∼1-100 [37] corresponding to DW propagation being the main reason for magnetic relaxation. In our experiments at low temperatures 240-270 K,k ∼ 1-100; i.e., DW propagation is dominant [ Fig. 5(a) ]. On the contrary, the k value is very small (k 1) at 280-300 K, which indicates domination of the nucleation mechanism (bilayer sample).
Dependences of parameter R on magnetic field are shown in Fig. 5(b) for different temperatures.
In terms of the Fatuzzo-Labrune model, the nucleation probability depends on temperature T and applied magnetic field H as follows:
where W N is the energy barrier and V N is the activation volume for the nucleation process. Equation (3) can be rewritten as
where
Magnetic field dependences of R were approximated by [40] .
Thus the Fatuzzo-Labrune model gives reasonable values for nucleation energy barrier, frequency factor, and activation volume. This model also gives qualitative information on the contribution of the domain-wall propagation. However, the domain propagation coefficient k strongly depends on magnetic field [ Fig. 5(a) ], which is in contradiction with previous results obtained for magnetic layers with perpendicular anisotropy [6, 39, 41] . This contradiction can be overcome in the frame of the extended exponential relaxation model, where magnetic relaxation is described by the following equation [20] :
The case β = 1 corresponds to Debye relaxation, β < 1 to the stretched exponent, and β > 1 to the compressed exponent model.
Magnetic relaxation time τ dependences on temperature and magnetic field are presented in Fig. 7 . One can see a quite narrow interval of magnetic fields, where relaxation times are in the 1-1000 s range. This interval moves to higher magnetic fields at lower temperatures.
The β(H, T) dependences are presented in Fig. 8 . One can see that β(H,T ) increases with a decrease of temperature. Furthermore, β > 1 for the entire magnetic field range at low temperatures (240-250 K), while at higher temperatures β becomes smaller than 1, when the magnetic field increases. An increase of temperature results in the widening of the magnetic field range, correspondent to β < 1. Here we will provide one possible explanation of the effect. Basically, one can distinguish three stages of the magnetization reversal in the bilayer. The first stage is the formation of a few nuclei of reversed magnetization in the top and bottom layers. The second stage is the growth of these nuclei due to the domain propagation, as well as the formation of new nuclei. The magnetic reversal velocity dM/dt, being proportional to the l 2 /S ratio (l is the total length of the domain walls; S is the total area of the reversed domains), increases until reversed domains contact and coalesce with each other. The last stage begins when reversed domains start to coalesce. This stage is accompanied with a decrease of the l 2 /S ratio and the correspondent decrease of dM/dt. Furthermore, magnetic relaxation at the last stage becomes slower than the expected exponential relaxation due to the formation of nonreversed magnetic "bubbles." The bubble contains two coalesced domains. It appears when the domain passes around a pinning site or void (Fig. 9 ). This fact was confirmed by direct MOKE measurements in [8] . The bubbles can be stabilized by the demagnetizing field generated by the surface magnetic charge against the applied field [20, 42] . The magnetization dynamics associated with these bubbles is similar to that described by the droplet and domain models [43, 44] in spin glasses. Therefore, domain growth and bubble reversal both contribute to the relaxation.
The ratio between the durations of these stages is dependent on applied magnetic field. For the lower fields and lower temperatures, the first and the second stages are longer, and almost complete magnetization reversal happens before the third stage begins. That is why β > 1 for small applied fields (long relaxation times) in the entire temperature range. An increase of applied field results in the shortening of the first and second stages in comparison with the third stage due to an increase of the nucleation frequency. This competition results in a decrease of β. The "dead" time of reversal magnetic field switching (∼60 s) becomes comparable with magnetic relaxation time τ when it decreases from several hours down to a few minutes. The last circumstance results in the completion of the first and second stages of the relaxation within the dead time, i.e., before the recording of the M(t) dependence is started. In that case recorded M(t) dependence will contain the third stage of the magnetization reversal only (with β < 1 stretched exponential decay). Domains stop growing and bubble reversal becomes dominant in the late phase of the process.
Thus variations of magnetic field and temperature allow adjustment of the time "window" of the experiment to resolve first (β > 1), second (β = 1), and third (β < 1) stages of magnetic relaxation separately from each other.
The further temperature decrease down to 100 K results in changes in the transition sequence, and AP + → APtransition becomes impossible. However, only two transitions (instead of three at 300 K) occur on the major hysteresis loop: P + → AP -and AP + → P - [6] .
One can also observe an AP + → P -transition on the minor hysteresis loop, if the bilayer sample was previously cooled down to 100 K under the AP + state [6] . Here we will discuss P + → AP -and AP + → P -, corresponding to the switching of a single top or bottom layer magnetization. The comparison of the bottom layer M(t) curves at P + → APand AP + → P -transitions for a single layer in the bilayer and M(t) curves for the single layer are presented in Figs. 10(a)-10(c) , respectively. These three sets of curves look similar manifesting low k values (k ∼ 0.001 or less) for the entire magnetic field range. That means P + → AP -is governed by nucleation only, while the contribution of the DW propagation is negligible.
Magnetic field dependence of R value is presented in Fig. 11 . In contrast to high-temperature results, the semilogarithmical R(H ) dependence is not linear at low temperatures. The range of switching magnetic field for the thick bottom layer in the bilayer depends on the magnetization direction of the upper layer M U with respect to the magnetization of the bottom layer M D . In the P + state, magnetizations of both ferromagnetic layers have the same direction. Demagnetization from P + state caused by the decrease of magnetic field is accompanied by the reversal of the bottom layer in positive magnetic fields from +100 Oe to +20 Oe, due to the interlayer antiferromagnetic exchange coupling. The switching rate rises when the external magnetic field decreases.
Remagnetization of the bottom layer from the AP -state implying opposite directions of the M U and M D magnetizations takes place at negative magnetic fields between -300 Oe and -200 Oe in the bilayer (Fig. 11, curve 2) . Switching fields for the single layer are in the -100 Oe to -150 Oe range, because the antiferromagnetic interlayer exchange impedes the transition (Fig. 11, curve 3) .
The R(H ) dependence for the single layer lies between relaxation curves from P + and AP + states in the bilayer. Thus, in the case of unidirected M U and M D vectors, the antiferromagnetic exchange interaction facilitates the magnetization reversal of the bottom layer, shifting switching fields to positive values, while in the case of oppositely directed M U and M D vectors, antiferromagnetic exchange impedes magnetization reversal of the bottom layer, shifting switching external fields to positive values.
In accordance with our previous work [6] , the interlayer exchange interaction E EX corresponds to an additional effective magnetic field ±H eff = E EX /M D . The R(H ) dependences were replotted in other coordinates R(|H − H EX |) in Fig. 12 .
One can see that correction of the external magnetic field by the addition of an effective magnetic field leads to the approaching of R(H ) dependences of all three curves to each other. Thus the effective magnetic field unifies R(H ) dependences for reversal magnetization of the P + state (curve 1) and AP + state (curve 2) and single layer (curve 3). The small differences between the curves in Fig. 12 can be explained by the difference of the magnetic anisotropy in the above-discussed layers. 
The experimental technique described above can be considered as the development of the famous modern method of studying magnetic relaxation (FORC) [13] [14] [15] . Multiple measurements of magnetic relaxation in different conditions (field and temperature) can provide a 2D map of relaxation parameters in the case of the unified approach for their extraction. Instead of mapping the FORC parameters every FIG. 11 . Magnetic field dependences of nucleation probability at 100 K for the bottom layer of the bilayer [ P + → AP -(curve 1) and AP + → P -(curve 2) transitions] and for the single layer (curve 3).
relaxation curve was treated individually to judge the physical origin of magnetic relaxation, while FORC allows one to distinguish the presence of only a few mechanisms.
IV. CONCLUSIONS
In a CoFeB/Ta/CoFeB bilayer two types of magnetization reversals are demonstrated: single-layer reversal at the transitions between parallel and antiparallel states and bilayer reversal between the two antiparallel states.
Magnetic aftereffects for the two types of reversal are found to be of different origin. P to AP transitions dynamics in the bilayer is governed by domain nucleation only in the entire 100-320 K temperature range. Reversal between the two antiferromagnetic configurations is governed both by domain nucleation and domain-wall propagation. The decrease of temperature enforces the domain-wall propagation contribution.
Three stages of the flop magnetization reversal between two antiparallel states of the bilayer are revealed. These stages can be identified by the β parameter value obtained in frames of extended exponential relaxation model. The first stage 
